We studied the interactions between rods and L-cones in deuteranopic human observers by stimulating the photoreceptors independently. Thresholds were determined using a PEST procedure for different ratios of rod to L-cone modulation without modulating the S-cones. Modulation frequency was either 2 or 10 Hz and the retinal illuminance ranged from 4.7 to 470 td (10.9-1090 scot td). We measured at 2, 7.5 and 20°retinal eccentricity. The threshold data could be described by a model based on a vector addition of responses originating in the rods and the L-cones. The relative strength of rod signals relative to the L-cone signals increased with increasing retinal eccentricity and decreasing retinal illuminance. At 20°eccentricity, rod and cone signals were of about equal magnitude at retinal illuminances as high as 470 td. Temporal frequency did not have a large effect on the ratio of rod to L-cone signal strength.
Introduction
In the vertebrate retina there are two photoreceptor types, rods and cones, which are active at different light levels. Cones are generally more sensitive than rods at photopic luminance levels, whereas rods are more sensitive at scotopic luminance levels. At mesopic luminance levels, the two photoreceptor types are simultaneously involved in visual perception, because they are about equally sensitive.
Several types of interactions between rods and cones have been described (Frumkes & Denny, 1987; Vienot, 1991) . The present study is concerned with the direct interaction between signals originating in the rods and the cones and not with the mutual influence of the state of adaptation.
From early physiological experiments, it was evident that rod and cone signals interact at the level of retinal ganglion cell responses in macaques (Gouras & Link, 1966) and in cats (Rodieck & Rushton, 1976; EnrothCugell, Hertz & Lennie, 1977) . More recent physiological studies show that rod and cone signals vector sum in the responses of retinal ganglion cells and LGN cells belonging to the parvocellular and the magnocellular pathways (Lee, Smith, Pokorny & Kremers, 1997; Weiss, Kremers & Maurer, 1998 ). This linear model can describe the physiological data satisfactorily, although some nonlinearities might be involved (Levine & Frishman, 1984; Levine, Frishman & Enroth-Cugell, 1987) .
In many psychophysical experiments the detection thresholds for various combinations of two different flashes were determined, to one of which predominantly the rods respond and the other mainly exciting the cones. With these stimuli, mostly partial additivity of rod and L-or M-cone signals was obtained (Ikeda & Urakubo, 1969; Benimoff, Schneider & Hood, 1982; Drum, 1982; Buck & Knight, 1994) . The additivity of S-cone and rod signals was reported to be nearly complete by Naarendorp, Rice and Sieving (1996) . However, Buck, Sanocki and Knight (1997) found a very small amount of additivity between S-cones and rods.
In addition, the rod-cone-interactions were studied using periodic (flickering) stimuli. As was pointed out by others (van den Berg & Spekreijse, 1977) , periodic stimuli have advantages, because latency differences between rod and cone signals can be taken into consid-eration. Further, the time-averaged state of adaptation can be kept constant for all measurements. Finally, in contrast to the flashed stimuli upon a background, the conditions can be chosen that the rod and cones respond in counterphase. With this type of stimulus, MacLeod (1972) found that the signals of rods and cones can cancel each other at certain temporal frequencies. It was further found that a linear model can explain the rod-cone-interactions at threshold with sinusoidally modulated stimuli (van den Berg & Spekreijse, 1977) . However, in the experiments performed by van den Berg and Spekreijse (1977) , the stimulus strength for the rods and the cones was not known. In the present paper, we want to explore more closely the different models of rod -cone-interactions. We describe experiments in which stimuli were used with which we were able to quantify the modulation of photoreceptor excitations in terms of cone or rod Michelson contrast. The stimuli were presented on a computer controlled color monitor. In normal trichromats, four photoreceptor systems, each with a different absorption spectrum, can be involved in detection of the stimuli. The three dimensional color space covered by the monitor is insufficient to modulate all four photoreceptor classes independently. We therefore measured detection thresholds in dichromats, so that theoretically all combinations of contrasts and relative phases of receptor modulation were possible. Similar stimuli were employed in other psychophysical studies (Shapiro, Chessman, Knight & Buck, 1998) and in electrophysiological experiments (Shapley & Brodie, 1993; Brainard, Calderone & Jacobs, 1995; Knoblauch, Bieber & Werner, 1998; Kremers, Usui, Scholl & Sharpe, 1999) . Detection thresholds were determined for different ratios of photoreceptor contrasts (in phase and in counterphase), and were described with a vector addition model.
The strengths of the rod and the cone signals are probably not fixed entities but they probably depend on several factors. In physiological experiments on dichromatic common marmosets (Callithrix jacchus; New World monkeys), we found that the ratios of rod to cone signal strengths in the responses of peripherally located parvocellular and magnocellur lateral geniculate (LGN) cells are larger than those of more foveal cells (Weiss et al., 1998) . At eccentricities above 18°, the ratio of rod to cone signal strengths was slightly larger for the magnocellular cells than for the parvocellular cells. A dependency of the ratio on retinal eccentricity was not found in measurements on macaque retinal ganglion cells (Lee et al., 1997) , but in this study no cells with very peripherally located receptive fields were included. With the present study, we wanted to describe the influence of retinal eccentricity of the stimulus on the strength of the rod and cone signals in human subjects. The results can then be compared with the physiological data.
The temporal frequency of the stimulus probably also influences the threshold data through several mechanisms. Differences in the amplitude or the phase plot of the modulation transfer functions (MTFs) between the rods and the cones are likely to influence the data. Additionally, multiple post-receptoral mechanisms (such as the parvo-and the magnocellular pathways) might be involved (Kremers, Lee & Kaiser, 1992; Lee, Martin, Valberg & Kremers, 1993) at different temporal frequencies. Differences between the MTFs of these mechanisms and between the rod and cone weightings in their inputs might influence the detection thresholds at different temporal frequencies. To get some notion of the influence of temporal frequency, we measured the thresholds at 2 and 10 Hz.
Methods

Subjects
Two deuteranopes (24 and 33 years old) participated in this study. The classification of dichromacy was based on the Nagel anomaloscope (Type I; Schmidt and Hensch, Germany) and was confirmed by a DNA analysis of venous blood samples, using southern blot hybridization (Sharpe, Stockman, Jägle, Knau, Klausen, Reitner et al., 1998) . Subject MM had a single gene on the X-chromosome with the serine amino acid residue at position 180. Subject RB had multiple genes on the X-chromosome. Informed consent was obtained from the subjects after explanation of the purpose of the study.
Visual stimuli
For specific and independent stimulation of the photoreceptor types, we used a computer controlled BARCO monitor (CCID 7751 MKII; frame rate: 100 Hz) with a VSG 2/2 graphics card (Cambridge Research System). The stimulus was a 2 or 10 Hz sinewave modulation presented in a circular field with a 1.5°diameter. The time averaged luminance of the stimulus was 66 cd/m 2 (40 cd/m 2 of the green, 20 cd/m 2 of the red and 6 cd/m 2 of the blue phosphor). The time averaged chromaticity in the CIE (1964) large field coordinates were x= 0.33 and y=0.32. The stimulus was surrounded by a steady white annulus with a outer diameter of 4°(luminance: 76 cd/m 2 ). The function of the annulus was to avoid modulation detection owing to stray light. An artificial pupil with 3 mm diameter was positioned as close as possible to the subject's pupil. Neutral density filters were positioned in front of the eyes to decrease the mean luminance, without impairing the dynamic range of the monitor. Thresholds were determined at retinal illuminances between 4.7 td (10.9 scot td; we used the following conversion factors: 0.556 scot td/phot td for the red phosphor; 1.92 scot td/phot td for the green phosphor; 11.09 scot td/phot td for the blue phosphor) and 470 td (1090 scot td). Measurements were performed at 2, 7.5 and 20°retinal eccentricity. The subjects had to fixate the outer edge of the annulus (for the 2°stimulus) or a circular row of fixation marks at the appropriate distance from the stimulus (for the 7.5 and 20°stimuli). To avoid fading of the stimulus, the subjects were encouraged to make eye movements along the fixation marks or the outer edge of the annulus.
The monitor phosphors were modulated either in phase or in counterphase with each other. The spectral characteristics of the phosphors were measured with a spectroradiometer (CAS 140-125; Instrument Systems). The luminance output of each phosphor was calibrated using the internal luminance measuring device of the BARCO monitor and checked with an UDT luminance detector connected to an IL1700 Radiometer (International Light). The VSG software automatically performed the gamma corrections. The appropriate Michelson contrasts of the phosphors (defined as
for the red phosphors; the contrasts of the blue and the green phosphors, C B and C G , were defined accordingly) were chosen for the different stimulus conditions. In the sine-wave stimuli L max + L min equals twice the mean luminance (L mean ). Thus, the maximal and minimal luminance can be calculated from the mean luminance and the contrast:
·L R, mean and
For each stimulus, the modulation of photoreceptor excitation was expressed as photoreceptor contrast and was calculated from the integral of the phosphor emission spectra with the fundamentals of the cones (DeMarco, Pokorny & Smith, 1992) and of the rods (Wyszecki & Stiles, 1982) . For example, the excitation of the L-cones by the red phosphors (S L, R ) was calculated as follows:
in which E R (u) is the emission spectrum of the red phosphor at 1 cd/m 2 luminance. A L (u) is the L-cone fundamental. F R is a conversion factor for the red phosphor relating the photometric luminance of the red phosphor (L R ) to its radiometric output, which is needed because the cone fundamentals and the emission spectra are expressed in radiometric terms. We verified that the emission spectrum did not change with luminance. As a result, excitation S L, R changes linearly with the luminance of the red phosphor. Similarly, the sensitivities of the photoreceptors for all monitor phosphors were calculated. The maximal and the minimal excitation of the photoreceptors for the red phosphor (S L, R, max and S L, R, min ) coincide with the maximal and minimal luminance output of the phosphor:
Observe from Eq. (1) that the values of the maximal and the minimal excitation can be exchanged by giving the contrast a negative value. The modulation of the photopigment stimulation (expressed as photoreceptor contrast) was calculated as follows:
min are the maximal and the minimal excitation of the L-cones caused by all phosphors. A counterphase modulation of one of the phosphors will result in a negative contrast value for that phosphor. Note that this system is completely deterministic: if all the monitor contrasts are known, then the photoreceptor contrasts can be calculated. Conversely, the monitor contrasts can be calculated for every wanted combination of photoreceptor contrast. Of course, the system is limited by the maximal luminance output of the monitor phosphors and by the fact that contrast can not be larger than 100% (and smaller than − 100%). Therefore, the space of feasible combinations of photoreceptor contrasts is limited. Fig. 1 shows the possible photoreceptor contrasts for the L-and M-cones (Fig.  1A) , the L-cones and rods (Fig. 1B) , and for the M-cones and rods (Fig. 1C) . The S-cone contrast is fixed at 0% (silent substitution). Points in the first quadrant indicate stimuli that modulate the photoreceptors in phase with each other. Points in the third quadrant are physically identical to those depicted by their (180°) rotation symmetric counterparts in the first quadrant. Stimuli resulting in counterphase photoreceptor modulation are displayed by points in the second and fourth quadrants. Please observe that for the plots of Fig. 1 , the fourth photoreceptor type is not considered. We therefore performed the rod-cone-interaction measurements on dichromats, for whom we did not need to consider the M-cone contrasts (for deuteranopes) or the L-cone contrasts (for protanopes). Fig.  1C shows that the possible combinations of rod-and M-cone contrasts for protanopes is very limited. The possible space of rod and L-cone contrasts is, however, large enough to obtain thresholds in a large range of conditions. Therefore, only measurements with deuteranopes were included in this study. The deuteranopic thresholds were determined for eight different ratios of rod and L-cone contrasts (0:1; 1:2; 1:1; 2:1; 1:0; 2:−1; 1:− 1; 1:−2), i.e. along eight lines passing through the origin in the rod/L-cone space.
We calculated the possible influence of the macular pigment on the calculated photoreceptor contrasts using the spectral measurements of Bone, Landrum and Cains (1992) . We further assumed a mean optical density of the macular pigment at 460 nm of 0.2, which we estimated for a 2°field centered on the fovea (Moreland & Bhatt, 1994) as is used for measuring the cone fundamentals. Our calculations show that the macular pigment has only slight influence on the L-cone contrast and a larger but still small influence on the rod contrast. Because of this relatively small influence and because of a substantial interindividual variability in the density, we did not correct the contrasts for changes induced by the macular pigment.
Procedure
The observers rested their head on a chin and head rest. For retinal illuminances at and below 47 td, the subjects were dark-adapted at least 30 min prior to the measurements. The observers' task was to indicate whether or not they perceived temporal changes in the stimulus by means of pressing one of two buttons. A computer program determined detection thresholds using a PEST procedure (Taylor & Creelman, 1967) with two randomly interleaved staircases, one starting at no modulation the other at maximal modulation. After pressing the button, the next stimulus was presented immediately. Each stimulus was presented until a button was pressed. The modulation contrast was increased when the subject did not see the modulation. Conversely, the contrast was decreased when the subjects perceived the modulation. After crossing the threshold the direction of contrast change was reversed and the change in contrast was halved. The threshold was assumed to be reached when the change in contrast was less than 14% of the actual modulation contrast. We did not observe systematic changes in the thresholds with time after the measuring session was started, indicating that adaptation to the mean illuminance of the stimulus was completed when the first threshold was reached.
In one session, the thresholds for all eight ratios of rod to L-cone contrast were measured at one illumi- Fig. 1 . Possible combinations of photoreceptor contrasts that can be generated with the color monitor. Points in the first and the second quadrant are stimuli that modulate the two photoreceptors in phase and in counterphase, respectively. Points in the third and the fourth quadrant are stimuli which are identical to those in the first and second quadrant, respectively. Straight lines through the origin connect stimulus points, in which the ratio of the photoreceptors contrasts are constant. Detection thresholds were determined by changing the stimulus contrast along these lines. S-cone contrast was fixed at 0% in all conditions. The fourth photoreceptor was not considered. To exclude influence of this fourth photoreceptor in the experiments, it should either be desensitized by choosing the appropriate experimental conditions (e.g. high retinal illuminances desensitize the rods), or the subject should have only three photoreceptors available (as in dichromats). Fig. 2 . Detection thresholds of a trichromat (left), a deuteranope (middle) and a protanope (right) for eight different ratios of L-to M-cone contrasts. The thresholds were measured at 2 Hz (circles) and at 10 Hz (squares). Mean retinal illuminance was 470 td and the retinal eccentricity was 2°, so that rods were desensitized substantially. The threshold contours are different for the three observers. At 2 Hz, the trichromat shows the largest thresholds for stimuli on the line at 45°, at which the stimulus has no red -green chromatic contents but a relatively strong luminance contents (although a blue-yellow chromatic input is present). At 10 Hz, the threshold contour of the trichromat is broader and more orientated along the subject's isoluminance axis. The threshold contours of the dichromats are elongated along the M-cone axis (for the deuteranope) or along the L-cone axis (for the protanope). The data confirm that the calculations are largely correct: the subjects show large thresholds for the stimuli which isolates the lacking cone type. The fact that the subjects are able to detect these stimuli, suggests small mismatches between calculated and actual silent substitution conditions. nance level and one retinal eccentricity. After one threshold was reached the program directly presented a stimulus with the next ratio, ensuring a constant state of adaptation. The threshold measurements at each combination of illuminance and retinal eccentricity were repeated three times and the means were determined.
Results
Thresholds of dichromats and trichromats for different ratios of L-to M-cones contrast
To verify that our calculations of photoreceptor contrasts were correct, we measured the modulation thresholds for different ratios of L-to M-cone contrast. The thresholds were measured at 2 and 10 Hz temporal frequency. The thresholds were determined for two protanopes, two deuteranopes and three trichromats. We measured thresholds along eight directions in the two-dimensional stimulus space at 2°retinal eccentricity to avoid a possible influence of the macular pigment on the thresholds. The mean luminance was 470 td, so that rod signals were assumed to be negligibly small relative to the cone signals at this retinal eccentricity. The data of the subsequent experiment on rod -cone-interactions, confirmed this assumption. Fig. 2 shows the results for a trichromat, a deuteranope and a protanope. Similar threshold data were obtained from measurements with the other trichromats and dichromats. The threshold data are rotation symmetric by 180°around the origin, because the stimuli in the first and third quadrant and in the second and fourth quadrant are physically identical.
The threshold contours of the dichromats have an elongated form. The deuteranopic observer has the largest thresholds along the M-cone axis, whereas the protanope is least sensitive to pure L-cone modulation. These data confirm that our calculations of cone contrast indeed are correct. The threshold data of the deuteranopes are an additional verification that psychophysical rods signals are very small at 470 td and at 2°r etinal eccentricity, because the sensitivity for stimuli on the M-cone axis is low, although the rod contrast is substantial in this condition (maximal M-cone contrast, 28.6%; maximal rod contrast, 26.6%). The threshold contours at 2 and 10 Hz are very similar for the dichromats. We also measured the dichromatic thresholds at different retinal illuminances and at 7.5 and 20°retinal eccentricities (data not shown). The threshold contours were always parallel to the M-cone axis (for the deuteranopes) or to the L-cone axis (for the protanopes) at the higher retinal illuminances. But at lower illuminances, the threshold contours were not always parallel to one of the axes, indicating that rod intrusion influenced the results.
The threshold contours of the trichromat have more complicated shapes. At 2 Hz, the thresholds contour is orientated along a line at 45°, so that the largest threshold is obtained for the stimulus with the largest luminance and smallest chromatic contrast. The threshold contour at 10 Hz has a more spherical shape with a hint of an elongation along the axis where the L-and M-cones modulate in counterphase with the M-cone contrast twice the L-cone contrast. This is close to the isoluminance axis of this observer (whose luminance efficiency function, measured with heterochromatic flicker photometry, was close to the V u ). The form of the trichromatic threshold contours are probably influenced by properties of post-receptoral mechanisms. We did not repeat these measurements with the trichromats at larger retinal eccentricities and other retinal illuminances, because possible changes in the threshold contours might be caused by several factors, including changes in the L-and M-cone weightings, rod intrusion, and changes in the properties of the post-receptoral mechanisms. It would be very difficult to study the influence of each of these factors separately.
Thresholds of deuteranopes for different ratios of rod to L-cone modulation
As shown in Fig. 1 , the available photoreceptor contrast space was only sufficiently large to reach Fig. 3 . Detection thresholds of a deuteranope (MM) at 2 Hz () and 10 Hz (). The measurements were performed at three different retinal eccentricities (2°, left panels; 7.5°, middle panels; and 20°, right panels) and at retinal illuminances between 4.7 (10.9 scot td) and 470 td (1090 scot td). The drawn lines are fits of the vector addition model (see description in the text) to the 2 Hz data. The dashed lines are model fits to the 10 Hz data. Clearly, the model can describe the data reasonably well. For the stimuli at 20°eccentricity only a very limited amount of thresholds were obtained at 47 td or less. We therefore included threshold measurements at 149 td (346 scot td). The thresholds at 4.7 td and 10 Hz for the 7.5°stimuli could not be measured in most conditions and are not shown. Fig. 4 . Similar data as presented in Fig. 3 for a second deuteranopic observer (RB).
thresholds for the rods and the L-cones in deuteranopes. In Fig. 3 , the mean thresholds at 2 and 10 Hz (circles and squares) for observer MM are shown at the eight different ratios of rod to L-cone contrasts. Fig. 4 displays the threshold data of subject RB. The curves are fits to the data (using the solver routine of the Microsoft Excel97 program) of a model based on the vector addition of rod and L-cone signals. This vector addition model has been used before in describing the interactions between chromatic and luminance signals and between photoreceptor signals in the responses of retinal ganglion cells and LGN cells (Smith, Lee, Pokorny, Martin & Valberg, 1992; Yeh, Lee, Kremers, Cowing, Hunt, Martin et al., 1995; Lankheet, Lennie & Krauskopf, 1998; Weiss et al., 1998) and between cone signals in the human electroretinogram (Kremers et al., 1999) . It has been proposed previously that the vector addition model can also explain psychophysically measured rod-cone-interactions at threshold (van den Berg & Spekreijse, 1977) . Based on a vector addition, elliptical threshold contours are expected. The threshold Lcone and rod contrasts (C L and C R , respectively) with a known ratio (K) can be described by (Kremers et al., 1999) :
and by:
The responses of the rods and the cones have weightings or signal strengths A R and A L and response phases h R and h L , respectively. These responses can be de-scribed as vectors with amplitude A and angle h. The model assumes that the total response of the system is a vector addition of the responses originating in the rods and the cones and that threshold is reached when this summated signal reaches a certain level. The ratio of the signal strengths determines the orientation of the resulting threshold ellipses. The difference between the rod and cone phases (h L −h R ) determines the ratio between the major and minor axes of the ellipse (in the first-third and second-fourth quadrant): When (h L − h R ) is smaller than 90°the rods and cones interact in an additive manner and the major axis of the ellipse lies in the second-fourth quandrant. When (h L −h R ) is larger than 90°, then rods and cones inhibit each other and the major axis of the ellipse lies in the first-third quandrant. Three special cases can be distinguished. When (h L −h R ) equals zero, then the ellipse is infinitely long (resulting in parallel lines) in the second-fourth quadrant and additivity between the rods and cones is complete. With a phase difference of 90°(orthogonal vectors) the ellipses are oriented along one of the axis (depending which photoreceptor has the largest thresholds; if the thresholds were normalized, the data would lie on an circle). Finally, with a phase difference of 180°the rods and cone completely inhibit each other, resulting in parallel lines oriented in the first-third quadrant. Estimations of the three parameters A L , A R and (h L − h R ) are obtained from fits to the threshold data. Clearly the vector addition model can describe the measured thresholds well.
Strongly elongated ellipses orientated along the rod axis indicate that the signals originating in the rods are smaller than those originating in the cones, whereas long ellipses orientated along the L-cone axis indicate that L-cone signal strength is smaller than rod signal strength. The threshold data at 470 and 47 td for the 2°s timuli can be modeled with ellipses that are oriented along the rod axes, indicating that the thresholds to pure rod stimuli are larger than those obtained from stimuli that isolate the L-cones. This is a further indication that our calculations of cone contrasts are correct. When the major axis of the ellipses is not parallel to one of the axes, both the rod and L-cone signals are significantly large. For subject MM in nearly all conditions, the longer axis lies in the second and fourth quadrants, indicating that the rod and L-cone signals interact in an additive manner. For subject RB, the ellipses are more symmetric along the rod and the cone axes, indicating orthogonal response vectors.
In general, the thresholds for the 2 and the 7.5°s timuli increase with decreasing retinal illuminance, indicating a loss of sensitivity. But the sensitivity decrease at 10 Hz is larger than at 2 Hz. At 4.7 td and 2°e ccentricity, the thresholds to the 10 Hz stimuli are much larger than to the same stimuli at 2 Hz. No thresholds could be measured with the available contrasts when the 10 Hz stimuli were presented at 7.5°r etinal eccentricity and 4.7 td. A larger decrease in sensitivities to higher temporal frequencies than to low temporal frequencies with decreasing retinal illuminances has been described before (de Lange, 1958; Swanson, Ueno, Smith & Pokorny, 1987; Lee, Pokorny, Smith, Martin & Valberg, 1990) . Fig. 5 shows the L-cone signal strength estimations (A L ) as a function of retinal illuminance separately for the two subjects, for the different retinal eccentricities and (closed symbols, 2°; open symbols, 7.5°; gray symbols, 20°) and the two temporal frequencies (2 Hz data connected by the drawn lines; 10 Hz data connected by the dashed lines). The cone signal strength increases with increasing retinal illuminance and decreases with increasing retinal eccentricity. The increase with increasing retinal illuminance is larger for the 10 Hz stimuli (indicated by the steeper slopes for the 10 Hz data), confirming the above mentioned effect that the influence of retinal illuminance is larger with 10 Hz than with 2 Hz stimuli. In Fig. 6 the estimated rod signal strengths are displayed as a function of retinal illuminance. We have plotted the estimates for the 2°stimuli separately from those for the other stimuli, because the data indicate a differential effect at the different retinal eccentricities. Generally, the change in rod signal strength with retinal illuminance and with retinal eccentricity is smaller than the change in the cone signal strength. But, the data suggest an increase in rod signal strength with increasing retinal illuminance for 2°stimuli, and a decrease with 7.5 and 20°stimuli. Similar to the L-cone signal strengths, the effect of retinal illuminance on the rod signal strength is larger for the 10 Hz than for the 2 Hz data at 2°eccentricity. At the other eccentricities, there is no apparent difference between the 2 and 10 Hz data.
In Fig. 7 , the ratios of the rod to L-cone signal strengths (A R /A L ) are displayed as a function of retinal illuminance for the two subjects. The ratios for RB are generally somewhat smaller and noisier than for MM. But, clearly the ratio decreases with increasing retinal illuminance for the two subjects. Furthermore, the ratio increases with increasing retinal eccentricity. There is no consistent influence of the temporal frequency on the ratio of rod to L-cone signal strength. Fig. 8 shows the phase difference between rod and cone responses, obtained from the fits, as a function of retinal illuminance. In the fits, this parameter was less well contrained by the data. Generally, the phase differences for subject RB are close to 90°and they are larger than those for MM. This explains why the threshold ellipses of RB are most often oriented along the rod axis. The smaller angles for subject MM indicate additive rod-cone-interaction for this subject.
Discussion
Models of interactions between rods and cones
The thresholds data to the sine-wave modulations as used in the present study can be modeled by vector adding the rod and cone responses. A vector addition model can also explain other literature data (MacLeod, 1972; van den Berg & Spekreijse, 1977) . However, our data can also be used to test alternative models. Models which assume independent rod and cone threshold mechanisms (such as probability summation; scalar ad-dition of the absolute rod and cone signals; thresholds determined by the most sensitive mechanism; orthogonal vector addition; mutual inhibition of rod and cone signals) fail to describe the data, because these models predict that the thresholds to a combined stimulation of rods and cones depend only on the amplitude of rod and cone signals irrespective of their relative phases. As a result, all these models predict that thresholds to counterphase and to in phase modulations of rods and cones will be equal as long as the ratios of rod to cone contrasts are equal. Thus, according to these models the thresholds will be mirror symmetric along the rod and the L-cone axes. A similar line of argument has recently been used by Mullen and Sankeralli (1998) to show independence between post-receptoral mechanisms. Our data are clearly not always mirror symmetric along the axes. As mentioned before, the orthogonal vector model in fact is a special case of the vector addition model. This type of rod -cone-interaction Fig. 8 . The differences between rod and cone response phases, obtained from the model fits plotted in a similar way as in Figs. 5-7. The phase differences were not well constrained in the fits, resulting in noisier data. Generally, subject RB shows phase differences of about 90°, whereas subjects MM normally has smaller phase differences. Fig. 7 . The ratio of rod to L-cone signal strength, resulting from the model fits, as a function of retinal illuminance, for the two deuteranopes. The data are shown separately for each combination of retinal eccentricity and temporal frequency. Generally, the ratio decreases with increasing illuminance. The ratio increases with increasing retinal eccentricity. The temporal frequency has only a minor influence on the ratio. seems to apply to many of the data of subject RB. But most of the fits with the vector addition model to data of subject MM clearly indicate that the rod and the cone vectors are not orthogonal to each other. A model which includes a mutual inhibition of rods and cones before their response are summed (Levine & Frishman, 1984) might possibly describe the data, when the amount of inhibition would depend on the response phases of rods and cones.
Another model is the scalar addition of rod and cone signal amplitudes. This is also a special case of the vector addition model, because it assumes that the rod and cone signals can be simply added when they modulate in phase and subtracted when they modulate in counterphase. This is identical to a vector addition with zero angle between the two response vectors. In that case, the threshold data can be described by two parallel lines. Again the data and the fits with the vector addition model clearly contradict this possibility. We therefore conclude that the vector addition model is the best describing simple model for our data. However, the model might fail to explain interactions between rod and cone signals with supra-threshold stimuli, where presumably response nonlinearities are involved (Benimoff et al., 1982) . The model has only been used to describe interactions of rod and cone signals at detection thresholds of perturbations. Other types of interactions between rods and cones, such as for hue detection or heterochromatic brightness matching, probably involve other processes which possibly cannot be described by a linear vector addition model.
The light levels for transitions from scotopic to photopic vision with foveal heterochromatic brightness matching (Ikeda & Shimozono, 1981; Yaguchi & Ikeda, 1984; Sagawa & Takeichi, 1986; Vienot, 1991) is between 0.1 and 10 td which is close to our data at 2°e ccentricity. Other data show that rod activity influences wavelength discrimation (Stabell & Stabell, 1977) . For stimuli at 2.5°eccentricity, the rod influence is not apparent above about 3 td, whereas the rod activity is clearly present at 10 td when the stimuli are presented at 7.5°eccentricity. Thus, although the results of these measurements can possibly not be modeled by a vector addition model of rod and cone signals, they indicate that the strength of the rod and cone signals and their changes with retinal eccentricity are roughly in agreement with our data.
In previous experiments (Buck & Knight, 1994) , the degree of additivity was described by the exponent k in the formula: 1=r
where r is the ratio of the rod modulations at detection threshold for a combined rod and cone stimulus and for a pure rod stimulus. Similarly, c is the ratio of cone modulations at detection threshold for the combined rod and cone stimulus and for the stimulus that selectively stimulates the cones. We fitted our data with this formula to enable a comparison with additivities found in previous experiments. However, this metric has only limited use to describe our data because of several reasons. First, r and c can only be calculated when the thresholds to pure rod and pure cone stimuli are available. Second, only threshold data in the first quadrant can be used, because negative fractions r and c are not allowed. By extending the formula to 1 =r k +c k negative fractions can be included, but this formula can only describe data that are mirror symmetric along the two axes. This clearly does not apply to a large proportion of our data. We therefore fitted only the data in the first quadrant with this formula. Further, when the threshold contrasts with selective rod and selective Lcone stimuli differ substantially, then one of the ratios r or c is often close to unity for nearly all stimuli. In those cases the fits are unreliable. Finally, we expect a positive correlation between exponent k and the difference between rod and cone response phases (h L −h R ) of our model. But, for phase differences larger than 90°( inhibitory rod-cone-interactions) no values of k are available. We nevertheless fitted the threshold data with this metric. The mean exponent for subject MM k was 1.07 (90.25, fits could be obtained for 14 different conditions) indicating interactions close to additivity in most conditions. The mean exponent for subject RB was 1.48 (91.13, fits could be obtained from eight different conditions). The larger exponent value for RB probably reflects the larger phase difference between rod and cone responses for this subject (Fig. 8) .
The use of sine-wave stimuli in the study of rodcone-interactions have some important advantages, relative to, for instance, flashed stimuli upon a background. These advantages include that only one temporal frequency is involved, that the photoreceptors can be modulated with different relative phases, and that the time averaged mean luminance and chromaticity is independent of stimulus strength. As mentioned before, the difference between the thresholds when the rods and cones are modulated in counterphase and when modulated in phase, is a strong evidence against independent mechanisms. Such asymmetries cannot be obtained with flashed stimuli. But, the data of measurements involving flashed stimuli strongly indicated that rod and cone signals interact in a sub-additive manner in the detection of flashes (Ikeda & Urakubo, 1969; Benimoff et al., 1982; Drum, 1982; Buck & Knight, 1994) . Thus, some sort of vector addition might be involved. Drum (1982) found that a vector addition model can explain his data when the angle between the two vectors was about 76.2°. We applied the vector addition model to the data of Buck and Knight (1994) and found that a vector addition can describe the data well when the vectors have angles between 75 and 90°. These values are close to those reported by Drum (1982) . However, it might be difficult to apply a vector addition model directly to describe the data obtained with pulsed stimuli, because in the pulses many temporal frequencies are involved, for each of which the rods and the cones have different weightings and phases. As a result, the responses originating in the rods and the cones cannot be described by simple vectors. A more appropriate description of the pulse data might be obtained from the gain and phase measurements of the rods and the cones with sinusoidal stimuli at many different frequencies. In that way the rod and cone modulation transfer functions (MTFs) are measured, the inverse Fourier transform of which are the rod and cone impulse response functions. Our model assumes that the response to a combined rod and cone flash is the addition of the weighted rod and cone impulse response functions. Again, because the model is completely linear it would fail to describe any nonlinearities that might be involved.
Literature data concerning the interaction between rods and S-cones are sparser and the results are more conflicting. It has been reported that rod and S-cone signals add nearly completely (Naarendorp et al., 1996) , whereas others have found that the two interact in a strongly sub-additive manner (Buck et al., 1997) . It is of course difficult to reconcile these data, but in terms of a vector addition model, the different conditions in the studies might have influenced the delays between the rod and the S-cone responses, and thereby the resulting amount of additivity.
The influence of retinal eccentricity
The model estimations indicate that the L-cone signal strength is strongly influenced by retinal eccentricity (Fig. 5) , whereas retinal eccentricity has only a moderate influence on the rod signal strength (Fig. 6 ). This differential effect of retinal eccentricity is possibly related to the cone and rod densities at each retinal eccentricity. The stimulus size was not varied with retinal eccentricity but the cone density decreases with retinal eccentricity by a factor of about 5 from 2 to 20°e ccentricity (Østerberg, 1935) . On the other hand, the rod density at 20°retinal eccentricity is between twoand three-fold the density at 2° (Østerberg, 1935) .
In physiological experiments, we found that cells in the LGN of marmosets can receive significantly large rod signals up to retinal illuminances that were equivalent to 800 td (Weiss et al., 1998) . But the cells with the largest ratios of rod to cone weightings are located at retinal eccentricities of 20°or larger. On the other hand, it was found that macaque retinal ganglion cells do not receive rod input at retinal illuminances above 20 td (Lee et al., 1998) . However, the retinal ganglion cells were typically located within the central 15°. The results of our psychophysical experiments seem to reconcile these apparently conflicting physiological data: at small retinal eccentricities, the rod signal strength is of about the same magnitude as the L-cone signal strength only at 4.7 td (Fig. 7) . This is in agreement with the measurements on the macaque retinal ganglion cells. We also find that the ratio of rod to L-cone signal strength increases with increasing retinal eccentricity. At 20°eccentricity, rod and L-cone signals are of about the same magnitude already at 470 td. These results are in agreement with the results of the measurements in the marmoset LGN. We therefore conclude that the psychophysical results are in agreement with the physiological measurements: For parafoveal stimuli rod signals are much smaller than cone signals at retinal illuminance above about 10 td (about 23 scot td), but the relative strength of the rod signals increase with increasing retinal eccentricity. With peripheral stimuli significant rod signals can be found up to retinal illuminances well above 100 td (230 scot td).
The phase difference between the L-cone and the rod signals (h L −h R ) does not seem to vary systematically with retinal eccentricity (Fig. 8) , although a definite conclusion is not possible because this parameter was not well constrained in the fits. However, it might indicate that the response dynamics of rods and cones do not change with retinal eccentricity or that they change in a similar fashion.
The influence of temporal frequency
The orientation of the ellipses are very similar at the two temporal frequencies for nearly all eccentricities and illuminances. This finding has three implications.
First, it shows that the ratio of rod to cone signal strength is very similar at the two temporal frequencies. That is also apparent from the data in Fig. 7 , where the ratios are directly plotted. This suggests that the rods and the cones have similar modulation transfer functions between the two frequencies. Van den Berg and Spekreijse (1977) came to a similar conclusion. However, it is at odds with the decrease in the ratio of rod to cone weighting in the responses of marmoset LGN cells with increasing frequencies (Weiss et al., 1998) . But, the largest decrease of the ratio in the physiological measurements was between 1 and 2 Hz. The decrease between 2 and 10 Hz was much smaller. Further, detection at the two frequencies is probably mediated by the same post-receptoral mechanism or by two mechanisms with similar modulation transfer function. Finally, the major axes of the ellipses at the two temporal frequencies are nearly always in the second and fourth quandrant for subject MM and often parallel to the rod axis for subject RB. This is evidence for an additive interaction between rods and cones at the two temporal frequencies (MM) or for orthogonal vectors (RB). The data of Macleod (1972) show that at intermediate frequencies (about 7.5 Hz) rods and cones interact in a subtractive manner. This suggests a delay difference between rods and cones of about 67 ms. A similar delay difference of between 70 and 85 ms was found by Van den Berg and Spekreijse (1977) . From our data it is difficult to determine the delay difference exactly, without additional data at other temporal frequencies. Assuming that the rod and cone signals interact in an additive manner at 10 Hz for subject MM, that the rod and cone vectors are about orthogonal for subject RB, and that the interaction is subtractive at intermediate temporal frequencies (MacLeod, 1972) , the phase delay of the rod signals relative to the cones signals is between 270 and 450°for MM and close to 270°for RB. This suggests a delay difference of about 75 ms for RB and somewhat larger for MM. Of course it is theoretically possible to deduce the delays directly from the vector angles out of the model fit. But we were reluctant to do so, because, as mentioned before, this parameter is not constrained well enough in the fits.
In physiological experiments on retinal ganglion cells and LGN cells of macaques and marmosets a smaller delay difference of 20-50 ms was found (Gouras & Link, 1966; Yeh et al., 1995; Lee et al., 1997; Weiss et al., 1998) . It is difficult, to explain the discrepancy between the psychophysical and the physiological data. Possibly, additional cortical processes are involved in the detection experiments, resulting in an increased delay difference.
